We use large-scale, panel experimental data from maize field trials throughout Malawi to estimate the expected physical returns to fertilizer use conditional on a range of agronomic factors and weather conditions. Using these estimated returns and historical price and weather data, we simulate the expected profitability of fertilizer application over space and time. We find that the fertilizer bundles distributed under Malawi's subsidy program are almost always profitable for improved hybrid seeds. Our results of the profitability of fertilizer under Malawi's subsidy program are robust to a tripling of fertilizer prices, to a 50% decrease in the maize price, and to drought conditions. We also correlate the estimated expected returns to fertilizer use with geographically disaggregated estimates of headcount poverty rates. We find a very weak positive correlation between poverty and the expected returns to fertilizer, which calls into question whether fertilizer subsidies are spatially distributionally progressive in helping to reduce poverty among Malawian farmers.
Many observers ascribe much of sub-Saharan Africa (SSA)'s relatively low agricultural productivity to African farmers' limited use of fertilizers (Gregory and Bumb 2006 , Kelly 2006 , Morris et al. 2007 ). In 2005, SSA farmers applied only 9 kg of fertilizer per hectare (ha), on average, compared to 73 in Latin America and 100-135 in Asia, where as much as 50% of the Green Revolution yield growth is attributed to fertilizer use (IFDC 2006) . Low fertilizer application rates among SSA farmers are often attributed to problems associated with thin markets as well as weak infrastructure and institutions that impede fertilizer distribution and demand in spite of its expected profitability (Omamo et (FAOSTAT 2005) , the fertilizer subsidy scheme's apparent success in dramatically improving Malawi's food security attracted widespread attention and helped turn fertilizer subsidies into a high-level political issue. In part due to the subsidy scheme, Malawi is one of a number of sub-Saharan African countries where inorganic fertilizers are now used by a majority of farm households (Sheahan and Barrett 2014 ).
Yet there remain lingering questions as to whether low and variable soil fertility, frequent drought and high fertilizer prices render fertilizer unprofitable for large subpopulations of African farmers, at least in periods of unfavorable weather (Waithaka et al 2007 , Zingore et al 2007 , Marenya and Barrett 2009a , 2009b . Furthermore, published studies typically rely on observational data that are difficult to control effectively for unobserved farmer and location attributes that may jointly affect fertilizer use and output. This shortcoming has limited researchers' ability to make rigorous, general statements about the expected profitability of fertilizer use at the national scale at which policies are made. Given the considerable sums expended by cash-strapped In this study, we use a large-scale, repeated, nationwide experimental, plot-level data set from Malawi, merged with detailed soils and weather data, to generate flexible maize production function econometric estimates of the marginal physical returns to fertilizer use. Randomized assignment of fertilizer applications combined with detailed agronomic controls enable us to identify the causal effects of fertilizer application on maize yields. We then use the estimated maize production function and historical weather and price data to simulate the distribution of the expected profitability of fertilizer use over space in the face of uncertain weather given prevailing retail output and input prices during the subsidy period in Malawi. Finally, we correlate those estimated expected benefits of fertilizer use with local poverty rates so as to establish whether yield gains reasonably attributable to fertilizer accrue primarily in poorer or richer areas of the country. Fertilizer subsidies are often touted as a poverty reduction policy in low-income economies dominated by small farms. If fertilizer subsidies are to offer a distributionally progressive instrument for reducing widespread poverty among small farmers in SSA, then fertilizer not only needs to increase yields but those gains should ideally also be concentrated in regions of higher initial poverty.
Our study offers three main contributions. First, we overcome the endogeneity of input selection by farmers by using experimental, agronomic field trial data. Second, we take into account the distribution of weather conditions to examine how fertilizer use interacts with past temperature and rainfall conditions so as to simulate the distribution of marginal profitability of fertilizer use. Finally, we link the estimated profitability of fertilizers to geographic patterns of poverty. We know of no prior published evidence on how the spatial patterns of the expected returns to fertilizer correlate with the geographic distribution of poverty. We find that the fertilizer bundles distributed under Malawi's subsidy program are almost always profitable for improved hybrid seeds, even if fertilizer prices triple, maize prices decrease by 50%, and under drought conditions. When we correlate estimated expected returns to fertilizer use with geographically disaggregated estimates of headcount poverty rates, we find a very weak positive correlation. Fertilizer subsidies may encourage uptake and expand output among all farmers, but within the farming community the gains are not likely concentrated among the poorest. This implies that the poverty reduction effects, if any, of fertilizer subsidies are more likely to result from increased aggregate output inducing agricultural wage and market price effects that benefit poor workers and consumers, as was true of the Green Revolution Otsuka 1994, Evenson and Gollin 2003) , than from direct productivity gains concentrated among the poor.
Data
The data used in this study come from multiple sources.
Experimental field trials data
We use on-farm experimental field trial data conducted by the Maize Productivity Task Force (MPTF) in 1995-1996 and again in 1997-1998 after the Ministry of Agriculture called for fertilizer verification trials to determine which fertilizer combinations would be best suited to different soil types throughout Malawi (Snapp et al. 2010 , Benson 1999a .
Six treatments of different fertilizer bundles were randomly assigned across 1,677 sites nationwide in [1995] [1996] . Experiments with four of those treatments were repeated on 1,407 sites in 1997-1998, with 1,205 overlapping locations across the two years (table 1).
As expected, yields increase with the nitrogen (N), phosphate (P) and sulphur (S) contents of a fertilizer application. Interestingly, treatment 5 leads to statistically significantly higher (at the 1% level) mean yields than treatment 6, which has a higher N and phosphate content but no S. Yields in 1995-1996 were statistically significantly higher (at the 1% level) than yields in 1997-1998 for each treatment, likely reflecting differences in weather conditions. Farmers selected field sites on which fertilizer had not been applied and that had been fallow for at least two years. The 1997-1998 trials were in the same location as the 1995-1996 trials, but not at the exact same sites, so as to ensure that the preceding treatments did not affect subsequent trial's yields (Figure 1 ).
1 Two different maize varieties were used: the shorter duration hybrid, MH18, was planted at about two-thirds of all sites -those in lowland areas and in rain-shadow areas in the uplands (Sauer and Tschale 2009, Benson 1999) .
Because the goal of the demonstration plots was to introduce new fertilizer recommendations to farmers, representative farmers were chosen to manage the sites.
These local farmers were trained by regional field assistants (FAs) to manage the experiment sites. The FA then hosted two field days with local farmers at each site. The first was planned for when the maize was fully grown, but still green, and the second occurred after harvest when the grain yield had been weighed. The FAs collected several types of data including soil samples, farmer comments, crop growth stage dates, incidence of pest attack, and harvest data (Sauer and Tschale 2009, Benson 1999b ).
2 Table 2 shows the mean striga and termite infestation by year at each site, as reported by farmers overseeing the plots. Farmers were asked to observe whether the site was infested by striga, differentiating between infestation on less than 50% of planting stations (some infestation) or more than 50% (high striga infestation). Between 21-28% (6-7%) of sites suffered moderate (high) infestation each year. Termites were observed on approximately 40% of sites in both years. 3 We have no reason to believe that pest infestation rates are endogenous to the fertilizer treatments.
Soils data
To control for soil heterogeneity that may affect the marginal physical product of fertilizer on maize, we use soil maps generated by the Land Resources Conservation
Board at the Ministry of Agriculture in Malawi in collaboration with FAO and UNDP in the 1980s and 1990s (Eschweiler et al. 1991) . The maps contain soil characteristics, including soil type, slope, cation exchange capacity (CEC), soil N, P and K content. Table 3 shows the mean soil characteristics for each site. The terrain is flat (steep) on 48% (3%) of sites. The soils are on average acidic. Given the proximity in location of the trial plots in both seasons, we can reasonably assume that the sites shared similar agroecological characteristics, although there is surely unobserved plot-level variation in soil conditions. Nonetheless, we can estimate the marginal impact of fertilizer on maize yields because application rates were randomized across plots, plot management was standardized, and we can control for a host of agronomic conditions that might also affect the marginal physical product of fertilizer.
Climate controls
We control for weather variability by using daily rainfall and temperature time series data We build three weather variables to control for temperature and rainfall. First, we calculate the number of growing degree days (GDD) between 8 and 30 degrees Celsius between the reported planting and harvest dates to predict maize development rates (Lobell et al. 2011) . Second, we calculate the number of growing degree days above 30
degrees Celsius to control for high temperatures that might harm maize growth. Finally, we calculate the total precipitation for the 21-day period centered on the silking date, to control for anthesis, the period when maize flowers and is particularly susceptible to drought. Appendix 1 includes a more thorough description of the construction of these weather variables. Each experimental field site was linked to the three nearest weather stations and a single average value was calculated using inverse distance weighting. 1982-1983, 1991-1992, and 1994-1995 . Figure 3 also includes total maize yields (FAOSTAT 2013). High GDD 30+ and low precipitation years are, as expected, generally accompanied by low maize yields.
Fertilizer and maize prices
District-level median fertilizer prices were calculated from the agriculture module data in the third Integrated Household Survey (IHS3) for Malawi (NSO 2012). In the surveys, respondents were asked the quantity and value of unsubsidized fertilizer purchased. Our analysis, therefore, examines the market cost of fertilizer, not the subsidized cost to farmers nor the cost to the government. District-level median maize prices were calculated using the Ministry of Agriculture's monthly maize prices retail between December 2009 and March 2010 (the range of dates for which fertilizer prices were reported). Median maize and fertilizer prices (MK/kg) are summarized in Table 4 .
Poverty maps
Finally, in order to correlate our spatially-explicit estimates of the expected marginal benefit/cost ratio for fertilizer application with local poverty rates we use the suite of poverty measures reported for each of Malawi's 28 districts in the 1998 poverty map (CIESIN 2013): mean daily household consumption per capita, the Gini index of consumption inequality, the poverty headcount rate (percent of the population living below $1.25 per capita/day in purchasing power parity), the poverty gap, the poverty severity index, maximum education level attained, and the travel time to the nearest market per enumeration area. These estimates were generated using standard poverty mapping methods (Elbers et al. 2003) . We use poverty maps from 1998 as these are the most close to when the field trial data were collected.
Methods
Using the MPTF data, we estimate a generalized quadratic production function of the form
where y kit represents the yield for treatment k on site i in year t, x kitw and x kitv represent all variables (indexed by v and w, respectively) potentially affecting yields: nutrient amounts in the fertilizer, soil characteristics, temperature and rainfall, η i is a site-level random effect, 4 δ t is a year-specific fixed effect, and ε kit represents the independently and identically distributed, mean zero, regression error. α 0 , α w and β wv are the production function parameters of interest. More specifically, we control for site-specific field characteristics, i.e., whether the site was infested by striga or termites, as well as sitelevel soil quality characteristics extracted from national soil maps, i.e., the slope, soil texture, pH, CEC, and N, P and potassium (K) contents, and weather. The full regression estimation results are reported in Appendix 2. The data do not include observations for any inputs that were not controlled experimentally, so we cannot control for factors such as labor applications per plot. We must therefore assume that farmers optimally apply labor so that the marginal return estimates for fertilizer include the associated induced changes in the labor allocation, not merely the biochemical effects of the nutrient amendments. We correct for heteroskedasticity and spatial autocorrelation by clustering standard errors at the site level.
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The nutrients applied to the field trial sites are as explained above: nitrogen, sulfur, and phosphate. In sub-humid environments like Malawi, nitrogen is known to be the main driver of cereal yield response in soils with low organic matter. However, applying only nitrogen as fertilizer (in the form of urea) can lead to sulfur and phosphate deficiencies in the longer term (van der Velde et al. 2013) . Potassium is less deficient in Malawian soils except perhaps for the intensive cultivation of tobacco. Zinc and other micronutrients also contribute to soil fertility but are rarely deficient except perhaps in small, localized areas of Malawi (Benson 1999a (Benson , 1999b . Chilimba and Liwimbi (2008) do conclude, however, that generally a basal dressing including zinc or potassium, or both, is superior to a basal application without them.
Although both sulfur and phosphate are known to contribute to maize yields, we cannot control for both because there is insufficient variation between treatments.
Because sulfur more consistently showed yield responses than phosphate in the field trials, NPK 23:21:0+4S (N = nitrogen; P = phosphate; K = potassium; S = sulfur) was promoted as the basal dressing in Malawi's FISP. We therefore choose to control for nitrogen and sulfur in the production function estimation.
Given the estimated maize production function, we can compute the expected marginal physical returns to fertilizer, E [dy] , which equals the sum of the marginal products of each element in the fertilizer bundle, N and S, multiplied by the percent of the nutrients in the specific fertilizer:
For example, NPK (23:21:0+4S) contains 23% N, 21% P, 0% K and 4% S, so ! = 23%
and ! = 4% while urea contains 46% N so that ! = 46% and ! = 0%. Given the estimation results from equation (1), the expected marginal return to fertilizer f is:
Using historic district-level weather data along with the regression results, we estimate the distribution of expected returns for the FISP bundle, NPK and urea at each site for each available year. We calculate the growing degree days above 30C (GDD 30+), GDD from 8-30C (GDD 8-30) and rainfall (mm) weather variables for each year for each site by using the silking, planting and harvest dates from the 1995-1996 field trials (Lobell et al. 2011 Given the distribution of expected returns to fertilizer, as well as fertilizer and maize prices, we then estimate the expected benefit/cost (EBC) ratios for each plot and the probability that fertilizer is profitable for a given plot. While weather conditions may affect maize prices and, to a lesser degree, fertilizer prices, data limitations keep us from controlling for the variation in prices over time. We therefore use district-level median maize and fertilizer prices from the third Integrated Household Survey (IHS) data for
Malawi from 2009-2010 (NSO 2012), a year during which FISP was in effect. The expected change in profit, ∆ , from fertilizer application is
where ! is the price of maize and ! is the price of fertilizer, the first of which is unknown when farmers make fertilizer purchase decisions, and therefore subject to uncertainty, hence the expectations operator. 7 The price of fertilizer, however, is known 6 Because we match each trial site to three stations, we use the set of years available at each of the three stations per site. 7 Lacking data with which to establish the joint distribution of maize prices and the marginal physical product of fertilizer, we assume these are statistically independent, thus ∆
at the time of purchase. f is fertilizer application, ∆ represents the change in yields resulting from fertilizer application. Here, we estimate the change in yields between applying the FISP bundle (50 kg urea + 50kg NPK) relative to applying no fertilizer.
Fertilizer application will be profitable in expectation so long as ∆ > 0, which constitutes a necessary condition for fertilizer application. 8 Finally, we correlate the entire set of simulated EBC ratios, by district with 1998 poverty map (NSO 2012) using multiple poverty measures: mean daily household consumption per capita, the Gini index of consumption inequality, the poverty headcount rate (i.e., the percent of the population living below $1.25 per capita/day in purchasing power parity terms 9 ), the poverty gap, the poverty severity index, maximum education level attained, and the travel time to the nearest market per enumeration area. These estimates were generated using standard poverty mapping methods (CIESEN 2005) . The number of observations per district varies between 44 and 3,439.
Results

Maize production function and marginal returns to fertilizer
Using on-farm experimental field trial data collected by Malawi's Maize Productivity Task Force (MPTF) on 1,677 sites in 1995-1996 and again in 1997-1998 on 1,407 sites (with 1,205 overlapping sites) and controlling for soil characteristics, rainfall and temperature, we estimate a generalized quadratic maize production function. The full regression estimation results of the maize production function, equation (1), are reported in column 1 of appendix 2. Because we are interested in the marginal effects of fertilizer, we demean the data both to make the generalized quadratic an exact second-order approximation of the unknown true production function and to make the interpretation of the coefficients more straightforward.
As expected, nitrogen and sulfur each have a statistically significant positive effect on yield that diminishes with the application rate. The interaction of nitrogen with sulfur is also statistically significantly positive, indicating that each is limiting, leading to complementarities in combining the two nutrients. The estimated marginal yield effect of nitrogen fertilizer also varies statistically significantly with weather, increasing (decreasing) with precipitation (high temperatures, reflected in GDD 30+). Likewise, the marginal yield effects of sulfur vary statistically significantly with soil phosphate content and slope. The clear implication is that the marginal returns to fertilizer vary predictably across growing seasons and over space, so that any benefits of Malawi's subsidy program will necessarily be heterogeneous. The key questions are how big those benefits are, how (un)evenly they are spread, and whether that variation is distributionally progressive or regressive. That is, are the expected marginal gains to additional fertilizer application positive and are they positively or negatively correlated with poverty headcount rates?
The coefficient estimates on the other control variables are as one would expect.
The regression estimates also indicate that yields in the 1995/1996 season were higher.
Independently, GDD 8-30 and rainfall both have a positive, albeit statistically insignificant, effect on yields, while GDD 30+ has a negative and significant effect.
Yields were higher with the shorter-stature MH18 hybrid variety and in higher pH soils, since most of Malawi's farmland is moderately to mildly acidic. High levels of Striga and termite infestation and steeply sloped sandy soils are associated with lower yields. Given an overall R 2 of 0.34 with nearly 11,000 observations, the regression does a reasonably good job of explaining variation in maize yields. We have no reason to expect a significant change in the production function over a short time, especially over the course of the field trial sites (1995 ( /1996 ( and 1997 ( /1998 ( ) and FISP (2005 . However, there may be slight differences due to the different seed varieties distributed under FISP (hybrid, OPV) relative to those used in the field experiments (M17, M18). Although using these somewhat dated data to measure the production function is not ideal, it is the most accurate feasible estimation of these parameters we are aware of for Malawi at nationwide scale.
We ran robustness checks on these estimates using both a Hausman-Taylor We compare the FISP bundle with fertilizer applications comprised uniquely of urea and NPK of the equivalent value as the FISP bundle, i.e., 97 kg NPK and 103.2 kg urea, the equivalent to 100kg of the FISP bundle in monetary value (table 5) . While we find that the EBC ratio of urea is higher than that of NPK and the FISP bundle, if the experimental design had allowed us to control for phosphate, the EBC for NPK might be higher, as we must implicitly put zero value on P since S appears more limiting and the experimental design unfortunately rendered them perfectly collinear. Furthermore, while the application of urea may increase yields in the short term it may lead to the depletion of other nutrients in the longer term (van de Velde et al. 2013) . The three last columns of Table 5 show that the expected mean return of urea, NPK, the FISP bundle and N for the entire set of simulated data are close to the in-sample means (columns 2, 3 and 4).
We examine how the expected probability of profitability and EBC ratios might vary with changing fertilizer and maize prices, which are notoriously volatile. 10 Holding maize prices fixed, we first increase the price of the fertilizer for the treatment bundle by 50%, 100%, 200% and 500% (table 6 Even with a 50% decrease in the price of maize, the probability of profitability remains high at 0.998 and the EBC ratio decreases only to 2.025 (table 6) .
We also compare how expected benefits/costs and the probability of expected profitability of fertilizer application vary with changing weather conditions. We compare results estimated for a drought year, 1991, and for a year with favorable rainfall and temperatures, 1984. The likelihood of profitability of the FISP bundle decreases only to 97.3% in a drought year. The expected profitability of fertilizer irrespective of growing conditions is a striking result. EBC ratios are greater than three in all cases (table 7) .
As indicated above, given that we use just two years of data, close together in time, these results assume the production function remains constant. We cannot account for potential change in maize response to fertilizer over time. But the weather observed during these experiments were broadly representative of the period from which we draw data for simulation. -1995-1996 and 1997-1998 -- fall within the range observed for all other years.
Poverty
While FISP does appear to favorably affect maize yields and farm profitability, on average, we find that the spatial pattern of those gains is largely uncorrelated with headcount poverty rates, calling into question the extent to which Malawi's fertilizer subsidies are distributionally progressive across space among farmers. The expected gains from increased fertilizer use do not appear concentrated in regions populated by more poor farmers. uniquely isolating the profitability in 1998, the year for which the poverty map was estimated (Table 8 ).
Discussion
Our results indicate that the fertilizer bundle distributed under Malawi's FISP -50 kg NPK (23:21:0+4S) and 50 kg urea -appears profitable in expectation for this large sample of farmers, across years with strikingly different growing conditions, and across sub-regions with markedly different soils and other attributes. Even if fertilizer prices were to rise by as much as 200% or maize prices fall by half, the EBC ratio would still exceed one.
However, our estimated EBC ratios may represent an upper bound for a few reasons. First, while farmers managed the plots on which the maize fertilizer trials were conducted, farmers were not randomly selected. Although farmers were explicitly selected to match the wealth levels of surrounding farmers, the extension agents who recruited participants may have selected farmers with greater-than-average ability.
Furthermore, farmers may have made a greater effort to manage the experimental plots knowing that they were participating in a study and being followed by an extension agent. Such selection or Hawthorne effects, if they exist in these data, would likely bias upwards the estimated productivity effects.
Second, land constraints make fallowing uncommon in Malawi. The sites selected had been left fallow for at least two years. This might have made their soils slightly more fertile, with higher organic matter content, than continuously cultivated plots, although any such effects are likely small given the lack of consistent cereals yield gains from traditional fallows of such short duration (Hall et al. 2006) . Finally, our results estimate the returns to fertilizer application rates conditional on the use of improved hybrid seeds, which are expected to be higher than fertilizer application used in conjunction with unimproved seed.
As previously mentioned, many past studies estimating marginal physical returns to nitrogen using household survey data suffer from endogeneity since factors unobserved by the researcher may affect farmers' fertilizer decisions, thereby biasing production function parameter estimates. While these studies attempt to identify the marginal returns using various econometric techniques, e.g., instrumental variables or correlated random effects models, there remain outstanding endogeneity concerns. At the other end of the spectrum, there are studies that use data from researcher-managed plots, which tend to report higher returns, ranging between 14 to 50 kg maize per kg nitrogen (Snapp et al. 2014) . There is therefore a tradeoff between well-identified estimates versus estimates measured from a representative population. Our data uniquely fall somewhere in between both types of study, using nationally representative field trial sites conducted on fallow land and managed by smallholder farmers with extension agents' supervision.
Therefore, our results should be interpreted as an upper bound on farmers' returns to nitrogen use or, alternatively, the expected returns among a large sample of what may be some of the nation's best farmers.
Our results also show that the expected benefits of fertilizer use vary significantly across space, and not always in ways that concentrate in the poorest regions the gains to farmers from increased fertilizer use. Fertilizer subsidy programs are often motivated by governments' objective to reduce poverty and food insecurity, especially among smallholder farmers. But if poorer farmers live in areas where growing conditions are less favorable or cultivate soils that do not respond as well to fertilizers as do those of betteroff farmers, subsidies might not be a distributionally progressive instrument for poverty reduction, at least not within the subpopulation of farmers (Kelly et al. 2011, Marenya and Barrett 2009a) . Furthermore, there may be tradeoffs between targeting poor farmers to generate direct income gains among that sub-population, versus targeting better-off farmers who typically produce greater yields and might thereby generate greater aggregate supply gains that may generate agricultural wage increases or price reductions that benefit poor workers and consumers, respectively, effects we cannot take into account.
We find a very mildly positive overall correlation between location-specific estimated poverty headcount rates and expected returns to fertilizer, leaving it unclear whether fertilizer subsidies really are pro-poor and distributionally progressive among growers. Geographic targeting of poor regions with high expected marginal returns could ensure that a government's subsidy program is pro-poor (Lang et al. 2012) , not only concentrating gains in the poorest areas but also prospectively reducing the potential crowding out effect of fertilizer subsidies on commercial input markets (Jayne et al.
not purchase their own fertilizer would give them the opportunity to learn about the benefits of fertilizer application (e.g., which fertilizer to apply and how/when to apply it), increasing their likelihood of continued fertilizer use.
The sustainability of fertilizer subsidy programs remains precarious due to high associated costs and heavy logistical demands. Alternative programs could perhaps help alleviate poverty even more effectively, e.g., by constructing roads, investing in agricultural research and design and education programs ). Targeting regions with soils that respond especially strongly to fertilizer application and that are populated by the poorest farmers can help increase the efficiency of the program and reduce costs while more effectively promoting its goals of poverty reduction and increasing food security. However, given the high expected profitability of fertilizer used in conjunction with improved seeds, still more work is needed to better understand reasons for low observed fertilizer use and whether a fertilizer subsidy is the optimal tool to address these constraints.
